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Abstract
The T2K collaboration presents studies of muon neutrino event distributions on water, at neutrino energies of the
order of 1 GeV, using a vertex algorithm at the near detector ND280. This sample can be used to measure neutrino
interactions on water and to constrain the expected neutrino energy spectrum at Super-Kamiokande. This sample
requires vertices in the FGD2, a detector composed of interleaved water and scintillator bars. Water interactions are
selected by using a Kalman Filter to reconstruct the vertices of multiple-track events. Few measurements of the water
cross section have been made, and such measurements have the potential to reduce interaction model systematics in
neutrino oscillation analyses.
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Figure 1: The T2K long-baseline neutrino experiment: near and far detectors are placed oﬀ-axis at 280 m and at the ﬁrst oscillation maximum
(295 km away, at a peak energy of Eν ∼ 0.6 GeV); the on-axis INGRID detector monitors the beam.
1. Introduction
Water cross-section measurements have the poten-
tial to reduce interaction model systematics in neutrino
oscillation experiments such as T2K, and in particular
to further constrain the expected neutrino energy spec-
trum at Super-Kamiokande. Recently the T2K collabo-
ration published an inclusive charged-current cross sec-
tion on carbon for νμ [1] and for νe [2], nevertheless a
measurement on water would give useful information,
Super-Kamiokande being a water Cherenkov detector.
Few measurements of the water cross section have been
made so far, and none in the T2K energy range: these
proceedings discuss the potential for the ND280 detec-
tor to make such measurements.
2. The T2K experiment
The T2K experiment is a long-baseline neutrino ex-
periment designed to make precise measurements of os-
cillation parameters through νe appearance and νμ dis-
appearance [3]. A neutrino ﬂux is generated by the
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J-PARC super beam, which is peaked at Eν ∼ 0.6 GeV.
The beam power has been increased since 2010 up to the
current value of 235 kW, producing 6.57 x 1020 protons
on target up until July 2014. The neutrino beam is sent
towards Super-Kamiokande, a 50 kton water Cherenkov
far detector located 295 km away and 2.5◦ oﬀ the beam
axis. A near detector complex is located 280 m from
the beam target; it contains the on-axis INGRID detec-
tor, which monitors the beam intensity and direction,
and the 2.5◦ oﬀ-axis ND280 detector. ND280 is a com-
Figure 2: ND280, the oﬀ-axis near detector.
plex of several detectors, which are used to constrain
the ﬂux, the neutrino interaction model and the event
rates at Super-Kamiokande. The main analyses detect
interactions in the tracker, which is made of two ﬁne
grained detectors (FGDs) placed between three time
projection chambers (TPCs). Up-stream of the tracker
is the π0-detector which is designed to measure the neu-
tral current background. Both the tracker and the π0
detector are surrounded by electromagnetic calorime-
ters and side muon range detectors which reject photons
and cosmic muons respectively. All detectors but the
side muon range detector, are located inside the former
UA1/NOMAD magnet, which provides a 0.2 T mag-
netic ﬁeld to allow the reconstruction of particles’ mo-
menta from their curvatures in the TPCs. In the TPCs
is also achieved the particle identiﬁcation from the en-
ergy loss. The FGDs provide target mass, scintillator
and water, and vertex and tracking resolution. FGD1
is composed of 15 vertical layers (X) and 15 horizon-
tal layers (Y) of scintillator bars (∼1x1x196 cm3 each),
while FGD2 has 7 XY modules interleaved with water
bags (ﬁg. 3).
3. νμ charged-current inclusive selection
νμ charged-current events in FGD1 (on carbon) are
selected by looking for the highest momentum nega-
Figure 3: An illustration of νμ charged-current events in FGD2. The
one-track event occurs in water (blue) but is inevitably reconstructed
as having taken place in a vertical scintillator bar (red). The vertex of
the two track event may, however, be directly triangulated as having
occurred in water.
tively charged track with energy loss in the TPC com-
patible with a muon. The resulting selection has an eﬃ-
ciency of 50% and a purity of 87% [1]. In the oscillation
analysis the selection, binned in momentum and angle,
is ﬁtted using the ﬂux, cross-section model and detector
uncertainties to constrain the interaction rate in Super-
Kamiokande. Selecting events in FGD2 and measur-
ing the cross section on water will further improve these
constraints.
3.1. A water sample with naive vertex attribution
When a neutrino interacts in water, the ﬁrst hit of a
forward-going muon is reconstructed in the ﬁrst layer of
scintillator bars after the water bag (namely the vertical
scintillator bars). A simple vertexing algorithm might
take this hit as the vertex of the interaction, wrongly
reconstructing the event as having been in carbon. Nev-
ertheless the vertical layers are clearly enhanced with
water events with respect to the horizontal layers (see
ﬁg. 3). Figure 4 shows the position along the beam axis
of the muon candidate’s vertex (its ﬁrst hit): the vertical
layers eﬀectively contain a water sample with a purity
of 55% (solid blue on red hatched background).
An additional cut on the amount of light detected in
the scintillator bars near the vertices is also being in-
vestigated. For interactions which occurred in water far
away from a scintillator bar, less light should be pro-
duced by the particle crossing the bars with respect to
an interaction happening in the scintillator. A cut on
this observable would increase the purity at the expense
of eﬃciency, by cutting events which occur in the water
but near a scintillator bar.
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Figure 4: Position of the muon candidate’s ﬁrst hit along the beam di-
rection for νμ charged-current inclusive selected events. Background
hatched colours show the geometry of FGD2, while solid colours
show the modules where the true interaction occured: red for vertical
scintillator bars; green for horizontal scintillator bars; blue for water
modules.
3.2. A water sample with Kalman vertices
A Kalman Filter [4] has been implemented in order
to reconstruct vertices of events with multiple ﬁnal state
tracks, attaining a resolution of 3.7 mm (ﬁg. 5). As
illustrated visually in ﬁgure 6, the vertices of true wa-
ter multiple-track events may now be explicitly recon-
structed as having occured in water. The contamination
of non-water events reconstructed incorrectly in water
is 25%. The multiple-track sample consists of the 49%
of the whole νμ charged-current inclusive selection, as
broken down in Table 1.
simple simple Kalman Kalman
vertex vertex vertex vertex
sample X bars Y bars water elsewhere
(water) (scint.)
1 track 37.8% 13.6%
2 tracks 14.3% 17.5%
> 2 tracks 7.6% 9.6%
Table 1: νμ charged-current inclusive selection break down.
Figure 5: Comparison of the resolution along the beam direction be-
tween the Kalman vertex (solid light blue) and the simple vertex attri-
bution (black line).
Figure 6: Position of the Kalman vertex along the beam direction for
νμ charged-current inclusive multiple-track selected events. Colours
as in ﬁgure 4.
4. Prospects for cross-section measurements
A cross-section measurement might be performed via
a Bayesian unfolding applied to the described water en-
hanced selection. In addition the events reconstructed in
the horizontal layers of FGD2 and the events in FGD1,
could be used to constrain the background due to carbon
interactions 1 . The amount of data collected is already
enough to perform a double-diﬀerential cross section in
(pμ, cosθμ).
5. Summary
No charged-current measurements of the water cross
section have been made so far in the T2K energy range,
and such measurements have the potential to reduce in-
teraction model systematics in neutrino oscillation anal-
yses and to constrain the expected neutrino energy spec-
trum at Super-Kamiokande. Reducing uncertainties on
oscillation measurements is also a key point in order to
observe CP violation in long baseline experiments such
as the proposed Hyper-Kamiokande [5]. These proceed-
ings show that T2K can shortly provide useful water
cross-section measurements.
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1Alternatively, one might imagine simultaneously unfolding both
the water enhanced sample and the scintillator enhanced sample (the
background), to yield measurements of both the water and carbon
cross-sections.
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